. Unfortunately, projections of future precipitation and evapotranspiration from Earth system models (ESMs) participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) 7 are most uncertain over tropical land 8, 9 . Although multi-model mean changes in annual mean precipitation during the twentyfirst century driven by the representative concentration pathway 8.5 (RCP8.5) scenario ( Fig. 1 ) can be larger than 1 mm d −1 , many models predict opposing changes over tropical forests 8 , especially American and African forests where 6 and 10 out of 38 models have responses opposite to the multi-model mean, respectively ( 
Robust tropical precipitation change
Despite this uncertainty, we have identified a robust pattern of change captured in nearly all high emissions simulations-a growing zonal asymmetry that amplifies precipitation differences between tropical forests in South America and those in Asia and Africa (Fig. 1a-c) . Focusing on forests in the Amazon and Indonesian regions (with the latter including Indonesia, Malaysia and Papua New Guinea), this pattern can be quantified using a tropical precipitation asymmetry index (I TPA ): I TPA = P Indonesia -P Amazon , where P is annual mean precipitation over forest regions (that is, green areas within purple boxes in Fig. 1f ). Present (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and future (2081-2100) precipitation estimates (Fig. 1g) show that, in 36 out of 38 models that were run for the RCP8. Tables 1 and 2) .
More broadly across all tropical forests from 23° S to 23° N, including Africa (that is, I TPA2 = (P Asia + P Africa ) / 2 -P America , averaged over forest regions within black boxes in Fig. 1f ), all RCP8. Table 2) . Similarly, in idealized simulations in which CO 2 increases at a rate of 1% yr −1 from 285 to 1,140 ppm (hereafter referred to as full simulations), all but one model captures a consistent positive trend in I TPA , with a multi-model mean of 1.5 [− 0.6, 2.4] mm d −1 (Fig. 1h ). Eight ESMs were run following the full simulation protocol, with the primary goal of understanding carbon cycle feedbacks 10 . The spatial pattern of precipitation change from the full simulations (Fig. 1c) has a high degree of consistency with the spatial pattern from the same set of models that were run for the RCP8.5 scenario (Fig. 1b) , thus highlighting the importance of forcing from atmospheric CO 2 as a primary agent of tropical (and global) precipitation change.
Though CMIP5 models use convective parameterizations that are known to produce biases in the tropics, which can impact soil moisture, evapotranspiration and runoff 8, 9, 11 , an increase in I TPA is also seen in a model that avoids parameterization by explicitly simulating deep convection using a kilometre-scale embedded cloud-resolving model (that is, superparameterization 12 , squares in Fig. 1g and Supplementary Fig. 1 ). Superparameterization improves the representation of organized convection (for example, Madden-Julian Oscillation 12 ) and precipitation intensity across the tropics 13 . Consistency between superparameterized and conventional models suggests that the strengthening continental asymmetry in precipitation change is robust with respect to the representation of convection.
Mechanisms of precipitation change
Many studies have investigated mechanisms that drive changes in tropical precipitation, including: changes in the strength of Hadley 14 or Walker circulations 15 , shifts in the intertropical convergence zone 16 or wet-get-wetter responses 17 . These changes involve global or extratropical forcings 14, 16 , tropics-wide circulation anomalies 15 and local thermodynamic responses 17, 18 . Most global and extratropical mechanisms invoke zonal mean changes in meridional energy transport to explain changes in the strength or position of the Hadley circulation. However, zonal mean changes cannot explain the asymmetric pattern described here for tropical forests across different continents. Several recent studies have attempted to extend the wet-get-wetter scaling mechanism to include horizontal gradients of temperature and humidity 19 or the intertropical convergence zone shift mechanism to include zonal energy fluxes 20 , but neither atmospheric-centric response mechanism fully captures the pattern of change.
Tropics-specific mechanisms, including perturbations to the Walker circulation 15 or patterns of sea surface temperature 18 , which could influence convection and moisture transport 21 , have the potential to create zonally asymmetric responses. However, local changes operating in isolation over individual continents could also modify regional temperature, circulation and moisture transport, enhancing or diminishing precipitation. Local changes over the Amazon may lengthen the dry season due to modulation of orographic dynamics related to the Andes 22, 23 or the subtropical jet 24 , while changes over Asia may be associated with the intensity of the Madden-Julian Oscillation 25 or monsoons 26 . In addition, thermodynamic responses associated with regional changes in the horizontal gradients of temperature and humidity can influence local moisture convergence by as much as these dynamical effects 19 .
Plant physiological response
Plant physiological responses to rising CO 2 can contribute to precipitation changes by modifying moisture convergence patterns 27 , but it remains to be seen whether these changes are driven by local or remote mechanisms. Here we hypothesize that plant responses 88 ). f-j, Tropical forests regions (f) used to calculate the tropical precipitation asymmetry index (I TPA ; g-j). Symbols in g-j are mean results for all CMIP5 models (circles), CESM (triangles), SPCCSM4 (purple squares) and observations (star). RCP8.5 results are differences between 2081-2100 and 1986-2005, while other simulations are differences between 4 × CO 2 and preindustrial periods.
are a primary driver of the growing precipitation asymmetry, by exciting local circulation and thermodynamic changes over individual continents. We tested this hypothesis by regionally isolating the impacts of higher CO 2 in a new set of experiments with the Community Earth System Model (CESM) described below. Atmospheric CO 2 concentration influences the radiative properties of the atmosphere, and the physiological behaviour of terrestrial plants, both of which can drive changes in precipitation 3, 27, 28 . The direct physiological impact of increasing CO 2 is to increase the CO 2 partial pressure outside leaf stomata. Stomata control gas exchange by adjusting the aperture of their openings in response to CO 2 and other environmental variables, and thus the rate of CO 2 uptake and H 2 O loss (transpiration) 29 . This mechanism connects soil moisture in the vadose zone to the atmosphere and influences the ratio of latent to sensible heating.
As CO 2 increases, stomatal conductance often declines. Without a substantial change in other environmental conditions or leaf area, this decline may reduce the amount of moisture that escapes [30] [31] [32] [33] and modify the surface energy budget. In temperate forests, free-air CO 2 enrichment experiments show that canopy-level transpiration declines or remains neutral in mature stands as the concentration of atmospheric CO 2 increases 34 . In tropical forests, carbon isotope and tree-ring growth measurements provide indirect evidence that transpiration has declined over the past 150 years in response to rising CO 2 (ref. 35 ). Increases in observed tropical runoff are also consistent with an ecohydrological response to increasing CO 2 (ref. 36 ), although changing land use can have first-order impacts in many basins 37 .
Physiological versus radiative impacts of rising CO 2
To test the hypothesis that the contribution of reduced stomatal conductance to a growing zonal precipitation asymmetry pattern is robust across different climate models, we analysed carbon cycle simulations from CMIP5. We assessed the relative contribution of radiative and physiological effects on precipitation changes in three sets of simulations that were originally designed to quantify the magnitude of carbon-climate feedbacks 10 (Supplementary Table 4 ). As described above, eight independent ESMs contributed simulations following this protocol (Supplementary Table 3 ). In these simulations, atmospheric CO 2 increases from 285 to 1,140 ppm (quadrupling) at a rate of 1% yr
. In one set of simulations, the radiative and physiological effects of CO 2 are simultaneously active (full simulations). In another set, increasing CO 2 solely influences atmospheric radiation, while terrestrial vegetation experiences a constant preindustrial CO 2 concentration (hereafter referred to as radiation simulations). In a third set, increasing CO 2 solely influences terrestrial vegetation, while atmospheric radiation experiences a constant preindustrial CO 2 concentration (hereafter referred to as physiology simulations) 3, 10 . Multi-model mean differences between the first and last 20 years of these simulations show that the pattern of precipitation change in the fully coupled simulations (Fig. 1c) is driven by a combination of physiological ( Tables 1 and 3 ). All models show an increase in I TPA and I TPA2 when plant physiology responds to rising CO 2 ( Fig. 1i ) and all but one show an increase in these indices from atmospheric radiative responses (Fig. 1j) . Physiology effects yield larger I TPA increases in half of the models and a slightly larger multi-model mean change (0. ).
Local versus non-local physiological effects
To determine whether the influence of physiology on the tropical precipitation asymmetry is caused by global, tropics-wide or local-to-continental scale mechanisms, we performed a series of experiments using the CESM version 1 (ref. 38 ). In the CESM, physiology contributions to I TPA are larger than radiative contributions (Supplementary Table 3) , and the historical I TPA value (black triangle in Fig. 1g ) falls between the multi-model mean (black circle) and observations (black star). In our new simulations, terrestrial vegetation experiences a CO 2 increase at a rate of 1% yr −1 up to 1,140 ppm, as in the global physiology simulation, but increases are isolated to the land surface of individual continents, as delineated by the black boxes in Fig. 1f (see Methods for details).
The experiments indicate that local-to-regional scale processes have a first-order control on precipitation changes over each continent, confirming our hypothesis. Changes in mean continental tropical precipitation from the global physiology simulation are mostly captured when CO 2 increases are isolated to individual tropical continents (Fig. 2) . Approximately 87% of the increase over Indonesia from the global physiology simulation is produced in the Asia simulation (Supplementary Table 1 ). Similarly, 59% of the reduction over the Amazon is produced in the America simulation. Changes over South America also include precipitation increases over the Andes, which are captured by the regional physiology forcing. In addition, non-local effects associated with the forcing over Africa further contribute to drying over the Amazon (43%, Supplementary Table 1) , which adds almost linearly with local impacts to equal the global physiology response. In addition to exerting non-local controls, local changes in the Africa simulation have a similar pattern but greater magnitude compared with the global physiology simulation. Similarities in the patterns of change captured in each region are even more compelling than regional average changes (Fig. 2b-d) . The stippling in these panels indicates where the regionally forced simulations capture at least 50% of the global physiology change. Together, the three regionally forced simulations meet these criteria for almost 90% of gridpoints that have a significant precipitation change in the physiology simulation (Fig. 2a) between 23° S and 23° N. Thus, while the magnitude of the local regional change is somewhat lower in the America simulation compared with global physiology (Supplementary Table 1) , the pattern is well captured. Focusing on the Amazon and Indonesian regions, where physiological effects are largest, the change in I TPA is almost a linear combination of the three regionally forced simulations, which contribute 56%, 28% and 12% to the global physiology I TPA value from the Asia, America and Africa simulations, respectively. The contribution from the Africa simulation to the I TPA change originates from its influence on winds across the tropical Atlantic Ocean, and thus Amazon rainfall.
Local thermodynamic and circulation anomalies
Although there is large seasonal and interannual variability in the precipitation signal over Amazon and Indonesian forests, the response to rising CO 2 is consistent across most seasons (except boreal summer in the Amazon and boreal winter in Indonesia) and all phases of the El Niño-Southern Oscillation (Fig. 3) . As discussed earlier, higher CO 2 can decrease stomatal conductance and transpiration in mature forest stands, which can reduce total evapotranspiration. This impact is seen clearly in simulated evapotranspiration changes over tropical forests (Fig. 4a-d) , which decrease by more than 0.5 mm d . While the regions defined as forest in these simulations do not change, leaf area can increase from enhanced growth at higher CO 2 levels ( Supplementary Fig. 2 ). However, leaf area is high to begin with in tropical forests, so that CO 2 effects on stomatal conductance have a larger relative influence on canopy conductance, and evapotranspiration still declines. The magnitude of evapotranspiration changes simulated in the global physiology simulation are captured locally in the regionally forced simulations, with only small non-local impacts. In response to decreases in evapotranspiration, the surface energy budget also reaches a new steady state by increasing sensible heat fluxes and surface temperature ( Supplementary Fig. 3 ).
As expected, lower evapotranspiration reduces a local source of moisture to the atmosphere and produces near-surface reductions in specific humidity over each continent (Fig. 4e-h ). However, increased convection, collocated in regions of increased precipitation, is associated with local circulation and moisture gradient anomalies that lead to modified patterns of moisture convergence, with upper-level moisture increased over each continent. The surface and upper-level anomalies are horizontally collocated over Indonesian and Central African forests, but over tropical South America, the upper-level humidity increase is displaced over the Andes, while surface and upper-level reductions occur farther east over lowland forests.
Circulation anomalies over South America and Central Africa (Fig. 4) are consistent with a convectively coupled response to enhanced latent heating in the atmosphere by deep convection centred on the Equator, indicating a prominent role of equatorially trapped Kelvin and Rossby waves 39 . This pattern reflects convection in uplift regions to the west (for example, Andes) with weak subsidence to the east (for example, lowland Amazon forests). The local dynamic changes over Asia are weaker, but produce increased low-level convergence from the surrounding waters and greater uplift over the islands (that is, over Sumatra, Java, Borneo and New Guinea).
While the response of American and Asian tropical forests to rising CO 2 has little impact on the circulation of other tropical continents, Central African heating exerts some non-local influence. Anomalous eastward flow due to enhanced convective heating over Africa extends far enough across the Atlantic Ocean to counter the mean wind east of South America (Fig. 4c) , and contributes to reduced moisture and subsidence over the Amazon (Fig. 4g) . This amplifies the present-day influence of circulations associated with the presence of Africa on South America due simply to the proximity of these continents, and the ability of equatorial circulation anomalies, unimpeded by the Coriolis force (that is, large Rossby radius), to act over long distances 40 . This non-local influence contributes to reducing Amazon precipitation in the global physiology and Africa simulations ( Fig. 5a and Supplementary Fig. 4 ).
Differences between Amazon and indonesian forests
The response of reduced rainfall over the Amazon to local decreases in stomatal conductance is opposite to that of African and Indonesian forests. The Amazon's greater dependence on local moisture recycling 41 , as well as its interaction with nearby orographic circulations 23 , may make it especially sensitive to CO 2 physiological effects. The reduction from local evapotranspiration limits moisture recycling and accounts for 69% of the Amazon precipitation change in the global physiology simulation (Fig. 5a) . The remaining precipitation change is associated with a reduction in moisture convergence due to non-local influences from Africa rather than locally driven changes (Fig. 5a) .
Over Indonesia however, there is little non-local influence on either evapotranspiration or moisture convergence, which are driven instead by locally forced changes (Fig. 5b) . As expected, lower stomatal conductance reduces local evapotranspiration, but increased moisture convergence is larger, leading to higher precipitation over the islands. The different sensitivities of the two regions may result in part from their baseline reliance on local evaporative recycling versus non-local moisture transport as sources of water for precipitation. In simulations and observations, Indonesia receives a much higher fraction of its precipitation from moisture convergence (Supplementary Table 5 ), which is enhanced in response to CO 2 forcing.
The decrease in precipitation over the Amazon is also supported by an increase in atmospheric stability (measured by gross moist stability 42, 43 ) due to an enhanced zonal moist static energy (MSE) gradient (horizontal-thermodynamic component, Fig. 5c ) with higher MSE over the mountain slopes to the west and lower to the east of the forest, especially in the 700-900 mb layer ( Supplementary  Figs. 5-7 , see Methods and Supplementary Information for details). In the presence of strong easterlies from regional low-level flow, the enhanced zonal MSE gradient in turn amplifies the efficiency of column MSE export by horizontal advection, leading to overall stabilization and less rainfall over the forest. As a result, more moisture is transported up the slopes of the Andes, which in combination with orographic blocking of anomalous eastward flow from the Pacific, leads to more precipitation over the mountains. This produces a dipole precipitation pattern over the Andes and Amazon that has previously been found in simulations modifying the height of the Andes 23 , simulations of the Last Glacial Maximum and observations of interannual variability 44 . In contrast, increases in precipitation over Indonesia are supported by a decrease in atmospheric stability resulting from a more bottom-heavy uplift profile in the physiology and Asia simulations (vertical-dynamic component, Fig. 5d ), with no contribution from the horizontal components.
Discussion
Our analysis shows that a robust feature of CMIP5 future projections is a strengthening precipitation asymmetry across tropical continents, with increases in Asian and African forests and decreases in lowland South American forests. Further analysis of idealized CO 2 -only simulations provides evidence that this pattern is driven by both radiative and physiological responses to rising CO 2 , which reinforce each other. Over dense tropical forests, physiological effects, which reduce stomatal conductance and lower transpiration, are the largest drivers of precipitation changes 27 . Increasing CO 2 at the land surface reduces local evapotranspiration by similar magnitudes in all tropical forest regions. Over Indonesia, this reduction is smaller than increases in moisture convergence, so precipitation increases. Over the Amazon the response is more complicated. The forest depends more on local evaporation as its main moisture source, so reductions in evapotranspiration directly impact precipitation. Furthermore, a geographic redistribution of heat and moisture near the altitude of strong regional low-level easterly flow leads to an increase in gross moist stability that is associated with suppressed convection over the forest and greater moisture transport to the Andes. Remote effects from African forests further reduce moisture flow and precipitation over the Amazon. This analysis highlights the need to improve our understanding of the physiological response of tropical trees to rising CO 2 . New free-air CO 2 enrichment experiment measurements from the tropics will be essential for reducing uncertainties in the representation of stomatal conductance and photosynthesis coupling mechanisms in ESMs. As the majority of precipitation change above tropical forests is captured by the atmospheric response to local physiological forcing, regional high-resolution models that resolve orography and more complex ecosystem processes may be useful tools in future work to better understand the role of land-surface interactions in shaping projections of precipitation change. While previous work has identified the Amazon as a region of high vulnerability for future climate change, our analysis demonstrates that this regional response is completely different from other tropical forests, which are more likely to experience decreasing moisture stress. Radiative and physiological responses to rising CO 2 may be further amplified by land-use change and deforestation, which have also been shown to reduce precipitation over the Amazon 45 , increasing the prevalence of drought 1 and putting the region at greater risk for forest fires 24 . All tropical forests are threatened biodiversity hotspots, but the Amazon has more terrestrial plant and vertebrate species than any other region 6 , and thus plant physiological responses to rising CO 2 present a threat to biodiversity loss on a global scale.
Furthermore, the Amazon's dominant role as a terrestrial carbon sink implies that its future health may have critical consequences for the growth rate of atmospheric CO 2 and global climate 5 .
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41558-018-0144-7. 
Experimental design. This study investigates precipitation changes in three sets of simulations. Evaluation of CMIP5 RCP8.5 simulations demonstrates that a zonally asymmetric tropical precipitation change pattern is ubiquitous in global climate model simulations of the twenty-first century under a business-as-usual emissions scenario. Evaluation of idealized CMIP5 ESM simulations demonstrates that the physiological response of plants is the primary driver of this pattern over dense tropical forest regions. Evaluation of CESM simulations in which the CO 2 physiological forcing is applied over individual tropical continents demonstrates that locally driven changes in evapotranspiration and moisture convergence capture the majority of the pan-tropical precipitation change, with a small nonlocal contribution of reduced precipitation over the Amazon associated with the forcing over Central Africa. Each set of simulations, as well as the observations used for comparison, are described in detail below. CMIP5 RCP8.5 simulations. This study evaluated output from 38 models (references for each model are given in Supplementary Table 2, refs ) contributing historical and RCP8.5 simulations to CMIP5 7 . Both simulation sets use fully coupled model configurations with interactive atmosphere, land, ocean and sea-ice components. Boundary conditions for the historical simulations included the observed time series of greenhouse gas concentrations and bestestimate time series of aerosol particle emissions. The RCP8.5 simulations were performed with increasing greenhouse gases and aerosol particle emissions from 2006 to 2100 (reaching approximately 1,370 ppm CO 2 -equivalent mole fraction by 2100 (ref. Table 4 ).
CMIP5 ESM simulations.
This study also evaluated output from a CMIP5 experiment designed to assess carbon-climate feedbacks 10 . Eight models (references for each model are given in Supplementary Table 3 ) participated in this experiment in which the concentration of CO 2 increased at a rate of 1% yr −1 from 285 (preindustrial) to 1,140 ppm (4 × CO 2 ) for radiation and biogeochemistry (full, 1pctCO2), radiation only (radiation, esmFdbk1) and biogeochemistry only (physiology, esmFixClim1). In the radiation and physiology simulations, CO 2 was held at preindustrial levels (285 ppm) for biogeochemistry and radiation submodels, respectively. Averages of the first and last 20 years provide preindustrial and future conditions, respectively (Supplementary Table 4 ).
CESM simulations.
We performed an additional set of new simulations using CESM1.0.6(BGC), applying the biogeochemistry-only CO 2 forcing to land surfaces globally (physiology) and isolated over tropical (23° S-23° N) America, Africa and Asia (black boxes in Fig. 1f) . The CESM is a fully coupled ESM with active biogeochemistry 38 , and the Community Atmosphere Model 83 and Community Land Model 84 as atmospheric and land components, respectively. In the CESM, the representation of stomata conductance is based on the Ball-Berry model and is given as the inverse of leaf stomatal resistance: = , where r s is leaf stomatal resistance, m is a plant-functional-type-dependent parameter, A is leaf photosynthesis, c s is the CO 2 partial pressure at the leaf surface, e s is the vapour pressure at the leaf surface, e i is the saturation vapour pressure inside the leaf, P atm is the atmospheric pressure and b is the minimum conductance. For CESM simulations, an average of the 20 years before increasing CO 2 provides preindustrial conditions that are consistent for all cases. Averages of the last 20 years of each case provide future conditions (Supplementary Table 4 ).
SPCCSM4 simulation.
Results from the Superparameterized Community Climate System Model version 4 (SPCCSM4) RCP8.5 simulation are also included in Fig. 1, Supplementary Fig. 1 (squares) and Supplementary Table 2, but are not used in the multi-model mean calculation (that is, Supplementary Table 1) . The superparameterization approach applies simplified cloud-resolving models to represent unresolved subgrid moist convection explicitly rather than using conventional convective parameterizations 12 . In the SPCCSM4 simulation analysed here, each column of the Community Atmosphere Model contains an independent (that is, periodic boundary conditions), two-dimensional, cloudresolving model configured with 32 columns at 3 km resolution oriented in the east-west direction 81 .
Observations. We used observed present-day (2002 to 2011) precipitation and evapotranspiration data from the Global Precipitation Climatology Project OneDegree Daily product (GPCP 85 ) and Global Land Evaporation Amsterdam Model product (GLEAM 86 ), respectively.
Regional analysis. For the calculation of I TPA and I TPA2 , the model output and observational data were interpolated to 0.25° resolution and a consistent tropical forest and woodland mask (shown as the green areas in Fig. 1f ) was used for an area-weighted calculation of annual mean precipitation in each region.
Gross moist stability analysis. Gross moist stability was normalized (NGMS) using a simplified formulation following equation (3) in ref. 42 , with constituent variables estimated numerically using annual mean fields pre-interpolated vertically onto a high-resolution (5 hPa) pressure grid, and with centred finite differences to estimate vertical and horizontal (spherical) gradients of temperature (T), water vapour (Q) and geopotential height (Z). Following ref. 87 , a 7° × 7° horizontal smoother was applied. NGMS was decomposed into horizontal and vertical components following equation (4) in ref. 42 . This decomposition separates the changes in horizontal winds (U and V) and moist static energy gradients (that is, horizontal component) from the changes in vertical winds (omega) and moist static energy gradients (that is, vertical component). To determine the degree to which changes in circulation (that is, dynamics) versus changes in the vertical profiles and horizontal gradients of heat and water vapour (that is, thermodynamics) control the total NGMS change, we further decompose the horizontal and vertical components into dynamic and thermodynamic components. This decomposition is achieved by calculating NGMS using the preindustrial circulation from the control simulation (that is, U, V and omega) with physiological thermodynamics (that is, Q, T and Z) for the thermodynamic component and vice versa for the dynamic component. Results of the decomposition are presented in Fig. 5c,d , and further discussion of this analysis is provided in the Supplementary Information. Data availability. CMIP5 RCP8.5 and ESM output (precipitation variable: pr) is available on the Earth System Grid (http://esgf.llnl.gov). CESM output is available from the corresponding author and archived at the National Center for Atmospheric Research. GPCP data are available from http://precip.gsfc.nasa.gov and GLEAM data are available from http://www.gleam.eu.
